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1. INTRODUCTION 

Radar systems have been widely studied and have a fine range of applicability in different sectors of 
the industry. Some radar applications allow the detection of missiles, aircraft monitoring, traffic speed 
monitoring for the detection of a vehicle speed, among others. The use of software defined radio (SDR) for 
research and development of radar applications has become attractive inasmuch as the flexibilization of the 
system increases by the facility in the change of (radio frequency) RF parameters such as frequency and gain 
[1], [2]. The integration of these two technologies is known as SDRadar and it has the advantage of being 
able to change the architecture of the radar by means of programming, while keeping the same hardware [3], 
[4]. SDRadar has the facility of modifying parameters of RF functioning through software and has allowed 
researchers and scholars to experiment different low-cost radar techniques with the help of free software such 
as GNU-radio. The testbed development for experimentation in the SDRadar area is critical to discover new 
functionalities and to test new algorithms of detection. A testbed allows having a controlled setting for the 
collection and further processing of data with the advantage of having repeatable experiments and being able 
to reconfigure scenarios to find optimal conditions. In addition to this, data obtained by means of SDRadar 
can be stored, labelled, and processed with different algorithms to, further on, compare their efficiency and to 
determine in which condition they work better. 
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This article presents the design, implementation, and validation of an SDRadar testbed for the 
detection of the speed of a target that is integrated on the testbed. The target is fixed on the surface of a 
conveyor belt with speed modifiable by software. The speed of the target is low, thus, the micro-doppler 
effect is evidenced. The conveyor belt has a sensor that allows measuring the speed of the target alternately 
to the SDRadar measurement, thus permitting the validation of all detections. The testbed validation was 
done by means of the implementation of a continuous wave (CW) radar with which the target speed detection 
was carried out and it was compared to the data delivered by the sensor. A maximum difference of 5% was 
found between measurements delivered by the sensor and the radar detections. In addition, the testbed allows 
remote manipulation, given that hardware components (electronic and mechanic) can be controlled by 
software. The testbed is set out for its reconfiguration and for future tests with different SDRadar algorithms 
in a controlled environment. The proposed development presents the following updates with regard to the 
literature found: i) the testbed has control of the target speed, detection of micro-doppler effect using 
SDRadar, and validation of the speed with an independent sensor, ii) a method to characterize the SDRadar 
in the detection of low speeds (micro-doppler effect) is shown, as well as the procedure with which lower 
errors are obtained, as compared to the values given by the validation sensor, iii) the behavior of the SDRadar 
built with a low cost LimeSDR platform in the detection of low speeds is characterized when configured as a 
continuous wave radar. In section 2, the article presents a review of previous works about the research topics, 
in section 3 the proposed method is presented, in section 4 discussion and results are shown and, finally, in 
section 5 conclusions are shared. 


2. PREVIOUS WORKS 

SDR is a technology that allows reconfiguration and reprogramming of a radio, which means that, 
changes in the functionality of the radio can be performed by software without any type of change to the 
hardware [5]-[7]. Ever since the emergence of SDR platforms, different developments, and research projects 
on SDRadar have been carried out. In [8], [9], a Doppler radar system are presented for the detection of 
movements of the human body. Jian et al. [10], a radar for drone detection, monitoring and classification was 
developed. Wang et al. [11] a radar system was implemented to recognize 6 movements of the human body 
proposing a classification method using recurrent neural network (RNN) and SDR. Research by Severino et 
al. [12], a radar was implemented for pedestrian recognition, by means of the micro-doppler effect and the 
support vector machine (SVM) method. 

A testbed is considered a platform to carry out tests and aims to provide a realistic environment of 
hardware and software. Testbeds can be developed in areas such as: research, academic, agriculture, space 
technology, and industry in general [13]. Currently, there are many SDR testbeds, among the largest are: 
ORBIT at Rutgers, which is an emulator of radio network, its facilities are experimental and have an open 
access flexible to multiple users [14]. CORNET at Virginia Tech, which has 48 SDR nodes located in a 
building, access is free and remote, storing several users simultaneously [15]. Lastly, CorteXlab at INSA, 
which consists of 38 SDR nodes and 42 nodes of wireless sensors. This testbed allows users to remotely 
execute applications in real time [16]. 

The use of SDR has also enabled the development of testbed in different areas. Research by 
Gallardo and Fuentes [17], an SDR testbed was designed for the solution of synchronization problems in 
digital modulations. An electronic product code (EPC) radio-frequency identification (RFID) testbed was 
developed based on SDR as label reader [18]. An SDR testbed was designed to evaluate the performance of 
the Zigbee technology under Wifi in a real RF environment [19]. Interference is analyzed through the 
degradation of the bit error rate (BER). 

An SDR and radar testbed has been developed for speed detection as well. Woo et al. [20] 
conducted a testbed using SDR to detect pendular motion of a mechanism built for this purpose. An RF 
module, a module of reconfigurable software, a module of signal processing, a patch antenna, and Matlab 
were used. By means of the spectrogram and micro-doppler detection, it was determined that the pendular 
movement of a metallic sphere can be detected and discriminated with precision. Cristiansen et al. [21] 
conducted a testbed based on SDR is presented that allows the detection of commercial aircrafts using 
cognitive radar. A USRP-2952R was used, as well as an RF amplifier, 2 S-Band horn antennas, MATLAB, 
and an interface for software and hardware control. It was concluded that the testbed can be adapted to the 
selection of parameters in real time and that it has a detection range of 3.5 km for a Boeing 737-300-type 
large commercial aircraft. Cristiansen and Smith [22] carried out the development of a testbed of cognitive 
radar using SDR is presented for the detection of aircraft. In its implementation, an Ettus USRP X310 with a 
UBX-160 daughter board was used, as well as an RF amplifier and a set of patch antennas. It was concluded 
that the maximum range of detection for large aircrafts is of 5.5 km, for small aircrafts of 2.8 km and for a 
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drone, around 350 m. The system, autonomously, can adapt its carrier frequency parameters, band width, 
pulse length, pulse repetition rate (PRF) and real time number of paused pulses. 


3. PROPOSED METHOD 

The method of development and implementation of the testbed is illustrated in Figure 1. The first 
step of the proposed method is the design and manufacture of the testbed. Design criteria include; i) the target 
whose speed is measured must be part of the testbed, ii) target speed must be reconfigurable by software, iii) 
the target must have continuous movement to secure large measurement time windows and improve the 
resolution in frequency of the fast fourier transform (FFT), iii) speed must be measurable by a method 
different to the one implemented with the SDRadar to perform validation, iv) the SDRadar must allow 
simultaneous transmission and reception of signals, v) as the testbed does not depend on the movement of 
external targets, it should be able to be remotely controlled. The testbed described in section “SDRadar 
testbed description” fulfills all the design criteria; in this section construction details are specified, as well as 
the procedure implemented for the measurement of the speed through the alternative method. 


Design and Radar signal Testing Scenario Results 
Construction Processing 


Figure 1. Method of development and implementation of the testbed 


The second step of the proposed method is the processing of the radar signal, and it is presented in 
section “radar signal processing”. For the processing of the signal, an algorithm that includes all the aspects 
of the interactions between software and hardware must be proposed, it means, the way in which the signal is 
generated, the speed detection techniques in the signal captured using software, the way in which the signal is 
transmitted and received by the SDR platform, and how the different components of this platform affect its 
behavior. The third step is establishing a test scenario from the knowledge of the implemented algorithms 
and the reach and limits of the system configuration. The proposed scenario aims to obtain results regarding 
precision, accuracy and repeatability of the measurements carried out in the system, and the answer of the 
SDR platform when measuring small frequency displacements due to low speed of the target. 


3.1. SDRadar testbed description 

An SDRadar testbed that permits measuring the velocity of a target adhered to the surface of a 
conveyor belt is presented. The movement of the conveyor belt is controlled by the user, and it is possible to 
modify the speed and the direction of the target. To measure the velocity of the target, algorithms are used to 
transmit a signal and to process the received echo. The LimeSDR platform is in charge of the transmission 
and reception of the RF signals. Some of LimeSDR characteristics are: low cost, open source, and it allows 
the implementation of any type of wireless communication standard. In Figure 2, a general block diagram of 
the LimeSDR can be observed [23]. 


FPGA Cyclone IV E 


LEDs, 
4x Switches 


-= Pinheader 


Figure 2. LimeSDR diagram [23] 
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As part of the testbed, a second tool to measure velocity is implemented to validate the results. The 
reading of an encoder located in one of the rollers of the belt, allows an Arduino to deliver the velocity being 
used in the validation. The architecture of the SDR radar testbed is shown in Figure 3. 

The scheme shows all components of the system. The computer equipment supports software tasks 
and implements algorithms. Host 1 is a system with remote access through which the testbed and Host 2 can 
be controlled using remote desktop. The algorithm to generate and transmit the radar signal and the reception 
of the reflected signal is executed in Host 2. The LimeSDR platform transmits and receives the RF signals. 
The algorithm to determine the velocity from the reading of the encoder is executed in the Arduino. 


Figure 3. Testbed architecture 


The information flow of the arrows shown in Figure 3 is characterized by: 

— Host 1 and Host 2 communicate through remote access. Host 2 is in charge of: controlling the testbed, 
executing the transmission algorithms and signal reception, obtaining the speed data from Arduino and 
controlling the speed level and direction of the conveyor belt. The echo signal detected in host 2 is stored 
and can be processed and visualized in host 1 or in host 2 using Matlab. 

— Host 2 sends the base band signal to the LimeSDR and configures the local oscillator and the gain. The 
digital base band signal turns into an analogue one, mixes with the local oscillator signal, and is filtered 
and amplified. This occurs in the LimeSDR and then, the signal is transmitted towards the target using 
one of the antennas. 

— Host 2 sends the pulse width modulation (PWM) value and the direction of the turn to the Arduino 
(velocity control in open-loop). The Arduino returns the frequency and velocity values from the reading 
of the encoder. 

— Arduino sends the PWM signal to the H-bridge and the signal of the change of direction of the target. It is 
possible to stop the movement of the conveyor belt with a pulse width equal to zero. 

— H-Bridge provides the motor with the necessary current to make the conveyor belt advance or take a turn. 

— The target moves linearly with different velocities and direction changes depending on the control signals 
applied to the motor. 

— The LimeSDR transmits the RF continuous wave signal and receives the signal reflected by the target. 

— The pulse detector delivers a squared signal to the Arduino. The signal frequency depends on the speed of 
the turn of the encoder and the conveyor belt velocity. Arduino reads the number of pulses per second and 
delivers the velocity. 

— The LimeSDR sends the signal reflected in base band to Host 2 after being amplified, filtered, mixed, and 
transformed into digital. 

Table 1 describes the main characteristics of the equipment used in the testbed. The testbed can 

work remotely through a remote desktop application, or it can also be configured directly from Host 2. Host 2 

uses GNU-radio to configure the LimeSDR, allowing the processing of baseband signals. The testbed is 

designed to test some SDR radar algorithms, with the option of configuring the target at different speeds and 
positions. The development of a CW radar was proposed to verify the testbed’s initial operation. Speed 
detection is only possible with this type of radar because the signal lag produced by the reflection on the 
target has a very low range of resolution. The encoder reading allows the user to verify the validity of the 
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algorithms implemented by using the SDR platform. Figure 4 shows the speed acquisition process using 
Arduino Uno. 


Table 1. Describes the main characteristics of the equipment used in the testbed 
Equipment Technical specifications 
Host 1-Host2 Windows 10 operating system. 
Remote desktop application. 
GNU radio software. 
MATLAB Software (Host1) Arduino software (Host2) 
LimeSDR USB-Type A RF LMS7002M FPRF transceiver. 
Altera Cyclone IV FPGA EP4CE40F23. 
100KHz — 3.8GHz continuous frequency range. 
61.44MHz bandwidth. 
Power output (CW) above 10dBm. 


Arduino Uno ATmega328 Microcontroller. 
14 digital inlets/outlets, 6 PWM outlets of 8-bit. 
Antenas Type: In-house manufacturing Tin Can Waveguide. 
2.4 GHz operation frequency 
Conveyor belt In-house manufacturing 


Transport distance: 60 cm 

Belt width: 5 cm, belt material: rubber 

Structure material: wood, plastic rollers. 
Target Surface: even 

Material: aluminum 

Height: 11 cm, width: 7 cm, thickness: 0.1 mm 


HC-020-K encoder 0.01 mm resolution. 

module 100 KHz measuring frequency, 20-line disc 
H-Bridge L298N chip, 25W power output. 

Motor DC geared motor, 24v power supply voltage. 
Signal characteristics Type of wave: CW 


Signal frequency in base band: 10 KHz 
RF frequency: 2.4 GHz 

Power: Up to 10 dBm 

Decimation: 16384 

Sample frequency: =5 Msps 


Initialization of Variables : dist_pulse = 0.5412 
counter = 0 


Arduino setup: Serial speed = 9600 


1/0 pins setup 

PWM setup 

Setting the direction of the conveyor belt 
Clear timer 


> 
Capture pulse & counter increment 
timer read 


timer 2 2000 ms Yes Frequency = counter / 2 
? Speed = Frecuency * dist_pulse 


counter = 0 


of ime 
J 


Figure 4. Speed acquisition using arduino uno flow chart 
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The “dist_pulse” variable stores (in centimeters) the value of the distance traveled by the conveyor 
belt between the start of two slots in the encoder. In terms of the algorithm, counting a rising edge is equal to 
measuring 0.5412 cm. The pulse acquisition window was established at 2 s. A larger window improves 
resolution in speed measurement. To determine the speed of the conveyor belt, the number of pulses is 
divided by the size of the window (frequency fp as result), and then multiplied by the value of the 
“dist_pulse” variable. Measurement is cyclical, as shown in Figure 4. The PWM value and the band direction 
are established at the beginning of the algorithm. The PWM signal on the motor has an average voltage value 
proportional to the signal duty cycle. In this case, the supply voltage for the H-bridge is 24V. With a 50% 
duty cycle, an average voltage of 12 V will be obtained on the motor. This does not represent half the 
maximum speed, because the motor has a non-linear behavior. Figure 5 shows the appearance of the 
implemented testbed. 


Figure 5. Description of the implemented testbed 


3.2. Radar signal processing 

A CW SDRadar transmits and detects at the same time. The transmission antenna generates a 
continuous sinusoidal oscillation in a single frequency. This signal changes its frequency through the Doppler 
effect by the reflection of a target in motion. Measurement and processing of the reflected signal allows 
determining the Doppler frequency [24]. 

The CW radar does not permit the measurement of the target range [25]. The CW SDRadar was 
implemented on GNU-radio. The CW signal has a frequency of approximately 2.4GHz and is transmitted by 
using the LimeSDR platform. The signal rebounds off the moving target located on the conveyor belt. The 
target speed produces a frequency shift in the reflected signal due to the doppler effect. The testbed produces 
low speeds and a frequency shift of a few Hertz, so a micro-doppler effect is observed in the echo signal. The 
block diagram for the generation, configuration, and processing of the radar signals is shown in Figure 6. 

The "signal source" block allows the generation of a complex baseband signal. The block output is 
represented in (1). 


S(n) = Soe /*7forTs (1) 
where, 


1, => (2) 


f; is the sampling frequency and fo is the baseband signal frequency. The real and imaginary components (I 
and Q) of the signal are sent to the hardware using the “LimeSuite sink (TX)” block. In (3) and (4) represent 
each component of the signal. 


I(n) = Re{Soe ~}? nTs} = Sy cos(2fynTs) (3) 


Q(n) = Im{Soe~/?27f0"s} = —Sy sin(2mfonT;) (4) 
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Figure 6. Block diagram for the GNURadio processing 


Figure 7 shows the block diagram for one of the RF transmitters of the LMS7002M transceiver (see 
component in Figure 2). On this transceiver, each signal (I and Q) is converted from digital to analog on 
block DAC. Then they go through a low-pass filter (TXLPF). Continuous time signals after the filter are 
represented in (5) and (6). 


I(t) = Sı cos(2r fot) (5) 
Q(t) = —S, sin(27 fot) (6) 


qe) fo 3 
E og g 5 £ P| DAC AIP 
== t) U = TXLPF TXMIX 
OE EDER rour 
E vT ci gj DAC > >| 
35g |E g|? = 
(= = 
= a x |, | xo 
Synthesizer CHAIN 
Figure 7. Block diagram for an RF transmitter of the LMS7002M transceiver 


The signals are mixed in the quadrature modulator (TXMIX) with the one generated by the local oscillator of 
the transmitter (TX LO CHAIN). The local oscillator generates a signal as shown in (7). 


C(t) = Coel? Titte (7) 
Where Co is the carrier peak amplitude, f, is the frequency generated by the local oscillator and @ is the 
random initial phase related to the baseband signals. The real part of the C(t) signal is mixed with 
component I and results in (8) and, by trigonometric identity, expressed in (9). 
E; (t) = CoS, cos(2r ft + p) cos(2rfot) (8) 
CoS: 
E,(t) = ~*[cos(2m(f- — fo)t + p) + cos(2n(f. + fot + 9)] (9) 


Likewise, the imaginary part of C(t) is mixed with component Q resulting in (10) and (11). 


Eg (t) = -CoS sin(2mf,t + p) sin(2r fot) (10) 
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Eo (t) = oo | cos(2m(fc — fo)t + p) + cos(2T (fe + fo)t + p)] (11) 
The quadrature mixer output is equal to the sum of (9) and (11). The result is evident in (12) and (13). 

E(t) = GsLs[E; (t) + Eg] (12) 

E(t) = Ep cos( 2nf,t + o) (13) 


With ft = fe + fo. The signal defined by (13) is amplified and transmitted (TXOUT). The amplitude Eo 
considers the amplitudes Co, S4, the RF (G,) amplifier gain and the losses inherent to the system (Ls). When 
the signal collides with a target, in this case moving as in Figure 3, the signal echo reaches the receiver of the 
SDR platform, having the shape of (14). 


E,(t) = Kı cos(2m(f; + fr)t + 91) (14) 


Where K; is the amplitude of the reflected signal, f is the Doppler frequency shift, and g, a phase constant 
depending on the target range. 

The value of K, depends on the target radar cross section (RCS), the transmitted power, and the used 
antenna gain. A portion of the transmitted signal reaches the receptor as well, due to the proximity of the 


transmitting and receiving antennas as shown in Figure 5. The sum of the received signals is shaped as shown 
in (15). 


E,(t) = K; cos(2r (f; + f-)t + 91) + Kz cos(2r fit + 9) (15) 


Where K, is the peak amplitude of the signal that is received from the transmitter directly. If the target moves 
towards the radar, frequency f» will be added as in Figure 8(a). If the target moves away from the radar, the 
frequency f, will be subtracted as in Figure 8(b). 


A, ff , 
mm m 


f ff f-k f 
(a) (b) 


Figure 8. Doppler frequency (a) target approaching and (b) target moving away 


Figure 9 corresponds to the block diagram for one of the RF transmitters of the LMS7002M 
transceiver (see component on Figure 2). The equation signal in (15) is amplilfied and mixed with the signal 
from the receiver local oscillator (RX LO CHAIN). This last signal is synchronized with the transmitter local 
oscillator, as shown in (7). 


ihe, EE t 
R > Le +lKCanc|Fi2_E legeg 
Payee es 25 v 
>| RXMIX RXTIA RXLPF RXPGA 9&8 D oxo Kk 
RXIN CHG E uw T 
>| >| >| >| < ADC ||— © 8 J O o 
x Qa|= ° € 
7 a 
RXLO |__| RX 
CHAIN Synthesizer 


Figure 9. Block diagram for a receiver of the LMS7002M transceiver 


The real part of the mix result takes channel I as shown in (16). 


Eir (t) = Co cos(2mf,t + p) * [K, cos(2m(f, + f,)t + p1) + Kz cos(2r fet + p)] (16) 
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After filtering the high frequency components (RXLFP), (17) is achieved, considering the gain of the RXTIA 
amplifier and the filter. 


CoK1 
2 


CoK2 
2 


Er:(t) = cos(2mfot + 29) (17) 


cos(2r (fo + f-)t + 91 + p) + 


Performing the same process for the mixing result in channel Q, we obtain: 


—CoK1 


Eiq,(t) = EE sinr ft +p +9) -2 


<2 sin(2mfot + 20) (18) 


The complex signal formed by channels I and Q is shown in (19). 


E,,(t) = Z e Sem oth tterty) 4 Cok 9—j(2mfot+20) (19) 
r 2 2 


The signal is amplified again (RXPGA) and converted from analog to digital (ADC), as evident in (20). 


Epa (t) = Ke iC oth nTs+ 914) + K e iCTonTs+2p) (20) 


Where K, and K, are the amplitudes of the amplified and digitalized signal. 

The signal of (20) is the one delivered from the “lime suite source” block to the automatic gain 
control “(AGC)” block on Figure 6. “AGC” is used to compensate for losses between the transmitted and 
received baseband signal. The signal of (1) passes through an “AGC” block too, its amplitude changing to a 
value of A. After the “AGC” blocks, the complex conjugate of the received signal is obtained and mixed with 
the transmitted signal using the “multiply conjugate” block. This process removes the frequency from the 
baseband transmitted signal fo, leaving the frequency shift. The resulting signal is shown in (21) and (22). 


X(n) = Ae`İ2TfonTs (Bel Gr Uothr)nTst 91 +o) + CelCnfonTs+2p)) (21) 
X(n) = ABetl2thrnTst 9tPl 4 ACel2e (22) 


Where B and C are the amplitudes of the received signal after passing through AGC. The first term of (22) 
represents the Doppler signal, the second one is a phase-dependent constant. 

Noise and speed changes at the edges of the conveyor belt were omitted throughout the analysis to 
simplify calculations. The signal of (22) is filtered and resampled (decimation) using the “low pass filter” 
block. Resampling allows the analysis to be focused on the low frequencies, since the frequency shift in the 
testbed is low due to the target low velocities. The sampling frequency after decimation appears in (23). 
fs _ 5Msps 


= = 305,17sps (23) 


~ decimation 16384 


fsi 


To measure the Doppler frequency shift, the fast fourier transform is applied as shown in (24). The "QT GUI 
Sink" block allows the FFT visualization. 


X(k) = —FFTy{X(n)} (24) 


The maximum peak of the FFT is obtained with (25). Figure 10 shows the maximum peak frequency of the 
FFT and represents the target on the conveyor belt moving at a speed of approximately 16.7 cm/s. 


Kr = |X(k)| (25) 


The “file sink” block is used to store the signal from (22) to be locally or remotely analyzed later. Figure 10 
was obtained from the signal stored and processed with MATLAB. With (26) the speed of the target on the 
band is calculated using the FFT maximum peak frequency, f, = 2.663 Hz. 


Chr 
= Ur 2 
"o afe (26) 
On Figure 10, a window of 5500 samples was taken for the computation of the FFT 
(N° FFT Points). There is a better frequency resolution in the spectrum with a high number of samples per 
window, however, the resolution in time worsens. The equation for the window time is observed in (27). For 
Figure 10, ty = 18.022s. 


_ N° FFT Points 
fsa 
Reconfigurable software-defined radar testbed with built-in validation (Juan Carlos Martinez Quintero) 


ty (27) 


834 o ISSN: 2302-9285 
The frequency resolution A f is shown in (28) and determines the speed measurement accuracy. 


_ fsı 
Af= N° FFT Points (28) 
The frequency resolution for Figure 10 is A f = 0.00327Hz. Using (26) a resolution is found in the 
speed measurement of 0.02 cm/s. Otherwise, if a time window ty = 2s is taken, 610 points are obtained in 
the calculation of the FFT using (27). 
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Figure 10. Highest peak in MATLAB (FFT 5500 points) 


Figure 11 shows the FFT result for the same signal of Figure 10 but using only 610 points. In the 
case of peak frequency f, = 2.501 Hz, a speed of 15.66 cm/s is obtained using (26), and with (28), a 
frequency resolution of A f = 0.5Hz can be found. The speed resolution is 3.13 cm/s, which is significant 
considering the testbed measures low speeds. 
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Figure 11. Highest peak in MATLAB (FFT 610 points) 
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3.3. Testing scenario 

According to the analysis presented in the previous section, the following characteristics were 
defined to perform the tests; i) a window of 5500 samples in each measurement for good speed resolution, 
while sacrificing time resolution, ii) different duty cycle values of the PWM signal were established to have 
average voltages on the motor between 7 and 24V, with 1V intervals between each speed measurement, iii) 
for each average voltage level, 5 speed measurements were taken at different times. The motor starts with a 
speed of 0 cm/s at each measurement, but measurements are taken at stable state speeds, iv) speed 
measurements made with the encoder reading are taken, parallel to each measurement made with radar SDR. 


4. RESULTS AND DISCUSSION 

The five speeds obtained for each voltage were averaged. The standard deviation o and percentage 
error were obtained. Table 2 summarizes the measurement results for each average voltaje. Table 2 shows 
that the error between the data taken with the SDRadar compared to the data taken with the encoder reading 
is low and, in the worst case, less than 5%. On the other hand, the standard deviation value is also low, which 
guarantees the repeatability of the experiments. The frequency shift f due to the micro-doppler effect 
generated by the movement of the conveyor belt is less than 3 Hz, which is why a good frequency resolution 
of the FFT is necessary to perform more precise measurements. 


Table 2. Results obtained after measuring 


Volt SDR radar data Encoder data m 
(vy) fH vems  olms) fi ŒHz) vems)  ”E 
7 0.659 4.128 0.25 8 4.33 4.7 
8 0.787 4.931 0.36 9 4.87 1.3 
9 0.897 5.619 0.22 10 5.41 3.9 
10 1.007 6.306 0.14 12 6.49 2.8 
11 1.135 7.109 0.29 13 7.04 1 
12 1.269 7.951 0.31 14 7.58 4.9 
13 1.349 8.448 0.55 16 8.66 2.4 
14 1.501 9.403 0.58 17 9.2 22. 
15 1.556 9.748 0.63 18 9.74 0.1 
16 1.648 11.321 0.52 20 10.82 4.6 
17 1.813 11.353 0.45 22 11.91 4.7 
18 1.953 12.232 0.25 23 12.45 1.7 
19 2.087 13.073 0.32 24 12.99 0.6 
20 2.270 14.220 0.26 26 14.07 1.1 
21 2.332 14.602 0.42 27 14.61 0.1 
22 2.447 15.329 0.41 29 15.69 2.3 
23 2.633 16.488 0.64 30 16.24 1.5 
24 2.645 16.563 0.17 31 16.78 1.3 


“% E: error rate 


Figure 12 shows the short time fourier transform (STFT) for 4 signals taken with average voltages 
of 7 V, 15 V, 19 V and 22 V, respectively. The window for each signal has 1000 samples with t,, = 3.27s. 
Using this method, a maximum error of 13.26% was obtained in relation to the speed measured with the 
encoder. In the case of Figure 12, when applying the STFT to the signals, good results can be obtained with 
smaller time windows, however, the error is greater in relation to the method used with the data in Table 2, in 
which the time windows are much larger. According to table 2, the maximum speed of the testbed was 
measured at 16.78 cm/s using an average voltage on the motor of 24V. 
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Short-Time Fourier Transform 


Frequency (Hz) 


Time (8) 


Figure 12. STFT for 4 signals taken with different speeds at different times 


5. CONCLUSION 

The results show the proper operation of the testbed for the detection of speed through micro- 
doppler effect and validate its use to carry out tests in academic and research environments. The results show 
a repeatability of the experiments and the speed measurement using the encoder reading, allowing to check 
the measurements made with SDRadar. The testbed guarantees the development and testing of SDRadar 
algorithms in a controlled speed environment. The use of the conveyor belt allows tests to be carried out with 
a target that maintains linear movement and with programmable speed, avoiding the movement of equipment 
and personnel to open spaces with more complex scenarios in taking measurements. The use of the testbed 
can be done remotely because it does not require any type of configuration on site, optimizing its use without 
time restrictions. Regarding SDRadar characterization in low speeds detection, Table 2 reflects that the speed 
measured with the SDR platform is very close to the sensor speed; nevertheless, it is evident that greater 
errors are in medium and low speeds of the table. In any case, the error is never above 5%, with which it is 
concluded that the evaluated platform (LimeSDR) can be used to detect micro-doppler effect in other 
applications with great reliability. 
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